Results confirmed a downregulation of the respective mRNAs in GC of OF compared with that of DF. We conclude that we have identified novel genes that are downregulated by hCG in bovine GC of DF during the periovulatory period, which may contribute to follicular growth, ovulation, and/or luteinization.
INTRODUCTION
In cattle, formation of the follicular antrum begins when the follicle measures 0.2 mm in diameter, and follicles 0.2-2 mm in size constitute a large pool of healthy growing follicles [1, 2] . As these follicles continue developing, the majority degenerate through atresia [3] . At around 3-4 mm in diameter, most follicles are lost by atresia if circulating 1 Supported by a Discovery Grant to J.G.L. from the Natural Sciences and Engineering Research Council of Canada (NSERC), a CORPAQ grant from the Ministère de l'agriculture, des pêcheries et de l'alimentation du Qué-bec and a FQRNT grant from le Fonds Québécois de la Recherche sur la Nature et les Technologies. FSH concentration is not sufficient to promote and sustain follicular growth beyond this stage [2, 4] . Twice or thrice during the bovine estrous cycle, an estimated number of 7-11 follicles at the 3-to 4-mm stage are recruited into a wave pattern to pursue their development. This cyclic recruitment is preceded by an increase in circulating FSH concentrations [5, 6] . A selection phase follows, where a single follicle continues its development to become the dominant follicle (DF), whereas subordinates degenerate by atresia. Circulating FSH concentration remains low during the functional dominance phase. The DF encountered at different times of the estrous cycle is capable of ovulation as demonstrated by injection of human chorionic gonadotropin (hCG) [7] . Although it is known that the preovulatory luteinizing hormone (LH) surge induces changes in different compartments of the DF that trigger ovulation and promote final maturation of the oocyte, the mechanisms ensuring the transition from a DF into an ovulatory follicle (OF) are not fully understood [8, 9] .
In the past, research has been focused on genes that were induced in the OF by the LH/hCG surge [8, 9] . Identification of genes that are expressed in the DF and undergo downregulation by LH/hCG may also contribute to understanding their involvement in follicular growth and oocyte quality as well as ovulation and luteinization. The working hypothesis of this study was that the transition from a DF into an OF results from transcriptional downregulation of a subset of genes in granulosa cells (GC). Gene expression was studied in GC because they represent an important compartment of the ovarian follicle involved in hormone synthesis and maturation of the oocyte [8] . The specific objective was to identify candidate genes downregulated in bovine preovulatory follicles after the LH/hCG surge. Gene expression analysis was achieved by use of suppression subtractive hybridization (SSH) [10] , permitting enrichment of differentially expressed genes in DF, followed by the establishment of a GC subtracted cDNA library (DF-OF). The cDNA clones isolated from the subtracted library were validated for their differential expression pattern by cDNA macroarrays and characterized by sequencing. Genes that were found to be differentially expressed were further validated by virtual Northern blot or reverse transcriptasepolymerase chain reaction (RT-PCR) performed on independent follicles obtained at different developmental stages.
MATERIALS AND METHODS

Experimental Animal Model and Sample Preparations
Normal cycling crossbred heifers were synchronized with one injection of PGF 2␣ (25 mg, i.m.; Lutalyse, Upjohn, Kalamazoo, MI) given in the presence of a corpus luteum (CL). Behavioral estrus was monitored at 12-h intervals, from 48-96 h following the PGF 2␣ injection. From the time of PGF 2␣ injection until ovariectomy, ovarian follicular development was monitored by daily transrectal ultrasonography performed with a real-time 325 GENE EXPRESSION IN BOVINE GRANULOSA CELLS linear scanning ultrasound diagnostic system (LS-300; Tokyo Keiki Co., Ltd., Tokyo, Japan) equipped with a 7.5-MHz transducer probe [2] . At each examination, the diameter of the CL and individual follicles Ն4 mm were measured at their largest cross-sectional area using internal calipers. Following estrus synchronization by PGF 2␣ , heifers were randomly assigned to one of two treatment groups: 1) the dominant follicle group (DF; n ϭ 4) or 2) the ovulatory hCG-induced follicle group (OF; n ϭ 4). In the DF group, the ovary bearing the DF on the morning of Day 5 of the estrous cycle (Day 0 ϭ day of estrus) was obtained by ovariectomy (via colpotomy). The DF was defined as Ͼ8 mm by ultrasonographic measurement and growing while subordinate follicles were either static or regressing [11] . The mean diameter of DF measured at the surface of the ovary was 10.4 Ϯ 0.3 mm. The OF were obtained following an injection of 25 mg of PGF 2␣ (Lutalyse) on Day 7 to induce luteolysis, thereby maintaining the development of the DF of the first follicular wave into a preovulatory follicle [7] . An ovulatory dose of hCG (3000 IU, i.v.; APL, Ayerst Lab, Montréal, QC) was injected 36 h after the induction of luteolysis, and the ovary bearing the hCG-induced OF was collected by ovariectomy at 23 h after hCG injection. The mean diameter of OF was 12.9 Ϯ 0.3 mm. Follicular fluid and GC with oocytes were collected separately from individual DF or OF as described previously [11] . Additionally, GC/ oocytes and follicular fluid were collected from 2-to 4-mm follicles that were obtained from slaughterhouse ovaries representing a total of three pools of 20 small follicles (SF). These experiments were approved by the Animal Ethics Committee of the Faculty of Veterinary Medicine of the Université de Montréal. Concentrations of progesterone (P 4 ), estradiol-17␤ (E 2 ), and their ratio (P 4 :E 2 ) were analyzed by radioimmunoassay of follicular fluid as previously described [11] . The E 2 :P 4 ratios were calculated for each sample: 1) 0.008, 0.06, and 0.01 for the three SF pools; 2) 17.3, 19.7, 14.3, and 63.4 for individual DF at Day 5 (n ϭ 4); and 3) 0.44, 0.87, 0.64, and 0.27 (n ϭ 4) for individual OF. CL at Day 5 of the estrous cycle were obtained by ovariectomy from cows following ultrasound monitoring of follicular development and estrus synchronization as described above. The CL were dissected from the ovarian stroma, frozen in liquid nitrogen, and then stored at Ϫ80ЊC until RNA extraction. Total RNA was isolated from GC/oocytes or CL as previously described [11] . The concentration of total RNA was quantified by measurement of optical density at 260 nm, and quality was evaluated by visualizing the 28S and 18S ribosomal bands following electrophoretic separation on a formaldehyde denaturing 1% agarose gel with ethidium bromide [11] .
Suppression Subtractive Hybridization
To compare gene expression in GC collected from DF versus OF, the SSH was performed essentially as previously described [12] . Identical amounts of total RNA (2 g) from four DF or four OF were pooled within treatment groups to decrease interanimal variation. To generate sufficient amounts of double-stranded cDNA for an SSH experiment, both DF and OF cDNAs were amplified separately using the SMART PCR cDNA synthesis kit (User manual PT3041-1; BD Biosciences Clontech, Mississauga, ON) [10, 12] . One microgram of total RNA from each pooled group was reverse transcribed with an oligo-dT30 primer (CDS: 5Ј-AAGCAGTGG TAACAACGCAGAGTACT (30) (A/C/G/T) (A/G/C)-3Ј) and PowerScript (BD Biosciences Clontech) to generate the first strand cDNA. Second cDNA strands were produced with the SMART II 5Ј-anchored oligo and PCR-amplified for 15 cycles using Advantage 2 DNA polymerase (BD Biosciences Clontech). PCR-generated DF and OF cDNAs were digested with RsaI to generate blunt-ended cDNA fragments (from 0.2 to 2 kilobases [kb] ). The DF cDNAs were subtracted against OF cDNAs (forward reaction: DF-OF) using PCR-Select cDNA subtraction technology (User manual: PT1117-1; BD Biosciences Clontech) [10, 12] , and in a parallel experiment, the OF cDNAs were subtracted against the DF cDNAs (reverse reaction: OF-DF). The efficiency of subtraction was analyzed by comparing the abundance of cDNAs before and after subtraction by PCR using bovine gene-specific primers for a gene known to be downregulated by hCG, such as cytochrome P450, family 19, subfamily 1 (CYP19A1; sense: GTCCGAAGTTGTGCCTATTGCCAGC; antisense: CCTCCA-GCCTGTCCAGATGCTTGG; GenBank: NM 174305), and a gene known to be induced by hCG, such as prostaglandin-endoperoxide synthase 2 (PTGS2; sense: GCATTCTTTGCCCAGCACTTCACCC; antisense: CTATCAGGATTAGCCTGCTTGTCTGG; GenBank: AF031698). PCR amplification was performed using Advantage 2 DNA polymerase (BD Biosciences Clontech), and 5-l aliquots were removed following determined numbers of PCR cycles. The amplified products were resolved on a 2% agarose gel in TAE buffer (40 mM Tris-acetate, 1 mM EDTA, 0.5 g/ml ethidium bromide). The difference in the number of cycles needed to generate an equal amount of the corresponding PCR product in subtracted and unsubtracted samples served to indicate the subtraction efficiency.
Cloning of Subtracted cDNAs and Differential Hybridization Screening
The subtracted cDNAs were cloned into the pT-Adv plasmid (BD Biosciences Clontech) to construct the DF-OF subtracted library and used to transform competent TOP10FЈ Escherichia coli as previously described [13] . The subtracted DF-OF cDNA library (940 individual colonies) was used to establish macroarrays for differential screening following previously described methodologies [12] . The insert of each cDNA clone was amplified in 96-well plates by PCR (28 cycles) using the PCR-nested primers 1 and 2R and AmpliTaq DNA polymerase (Roche Molecular Systems Inc, Laval, QC). To establish the cDNA macroarrays, an aliquot of each amplification product was denatured in 0.3 M NaOH with 5% bromophenol blue, and 10 l were vacuum transferred with a 96-well dot-blot apparatus onto nylon membranes (Hybond-N ϩ , Amersham Pharmacia Biotech), which were then exposed to 150 mJ ultraviolet light (UV) to perform DNA cross-linking (Gs Gene Linker; Bio-Rad, Mississauga, ON). Control cDNAs (CYP19A1, PTGS2) were transferred onto the macroarrays. For each 96-well plate, four identical cDNA macroarray replicate membranes were generated. The DF-OF, OF-DF, DF; and OF cDNA pools were used to generate complex hybridization probes for differential screening of macroarrays of the DF-OF cDNA library. Probes were obtained by performing the secondary nested PCR and were then purified (QIAquick PCR Purification Kit; Qiagen Inc., Mississauga, ON). To prevent nonspecific interaction of the probes to cDNAs on macroarrays during hybridization, the adaptors were removed by three successive digestions with AfaI, SmaI, and EagI [10, 12] ; the cDNA pools were again purified (QIAquick; PCR Purification Kit, Qiagen Inc.) and 100 ng were labeled with [␣ 32 P]-dCTP by random priming (Megaprime DNA Labeling System; Amersham Pharmacia Biotech). The radioactive probes were purified (QIAquick Nucleotide Removal kit; Qiagen Inc.) and quantified using a beta counter. The hybridization and washing conditions of macroarrays were performed as previously described [12] . Equal amounts of each heat-denatured cDNA probe (DF-OF, OF-DF, DF, or OF) were used to hybridize each replicate of the DF-OF macroarray membrane. Following washing, membranes were exposed to a phosphor screen for 4 h and the images were digitized (Storm 840; Amersham Pharmacia Biotech). The differentially hybridizing cDNA clones were characterized by DNA sequencing and their differential expression profiles were further validated by virtual Northern or RT-PCR analysis from independent follicles obtained at different developmental stages.
DNA Sequencing and Sequence Analysis
The cDNA clones identified as differentially expressed by the DF-OF subtracted probe were amplified by PCR for 15 cycles with the corresponding PCR-nested 1 and PCR-nested 2 oligos from the PCR product generated initially for the macroarrays. The PCR product was purified (Qiagen Inc.) and verified by agarose gel analysis for the presence of a single cDNA band before proceeding with sequencing. Sequencing reactions were performed on cDNA clones via the dideoxy sequencing method (Big Dye Terminator 3.0; ABI Prism, Applied BioSystem, PE, Branchburg, NJ) using the oligos PCR-Nested 1, and sequencing reactions were analyzed on an ABI Prism 310 sequencer (Applied Biosystems). Nucleic acid sequences were analyzed by BLAST (Basic Local Alignment Search Tool) against GenBank data banks (NR and EST). A cDNA sequence was considered homologous to a GenBank sequence when at least 100 base pairs (bp) matched with an E probability value of less than e Ϫ10 .
Gene Expression Analysis
The cDNA clones corresponding to known genes that were identified as differentially expressed in the SSH differential screening experiment were used to compare their differential expression pattern in GC collected from follicles at different developmental stages and CL, using virtual Northern analysis or semiquantitative RT-PCR. To perform virtual Northern blots, total RNA (1 g) from GC (SF, DF, OF) or CL (D5) were reverse transcribed using SMART PCR cDNA synthesis technology (BD Biosciences Clontech, Mississauga, ON) as previously described [12] . The cDNA products for each follicle or CL along with molecular weight standards (1 kb ladder, ϫ 174-RF/Hae III and /Hind III; Amersham Pharmacia Biotech) were separated on agarose gel, then transferred onto a nylon membrane [12] . Gene-specific probes derived from SSH cDNA fragments were generated by PCR (20 cycles) using the primers PCR-FIG. 1. Analyses of the cDNA subtraction efficiency. PCR analysis was performed on the indicated samples using CYP19A1 or PTGS2 specific primers, as described under Materials and Methods. PCR product aliquots were collected at increasing numbers of PCR cycles as indicated. The CYP19A1 DNA fragment (520 bp) was detected following 13 PCR cycles in the DF-OF subtracted sample but not until 18 PCR cycles in the corresponding unsubtracted DF sample. The PTGS2 DNA fragment (418 bp) was detected following 13 PCR cycles in the OF-DF subtracted sample but not until 18 PCR cycles in the corresponding unsubtracted OF sample. CYP19A1 or PTGS2 were not detected in the OF or DF samples, respectively.
Nested 1 and PCR-Nested 2R. Glyceraldehyde-3-phosphate dehydrogenase (GAPD) probe was used as a constitutively expressed gene using the following oligos (sense: TGTTCCAGTATGATTCCACCCACG; antisense: CTGTTGAAGTCGCAGGAGACAACC) [12] . Purified cDNA probes were labeled with [␣ 32 P]-dCTP as described above. Virtual Northern membranes were prehybridized, hybridized, and washed as described [12] . Membranes were exposed to phosphor screen and the images were digitized (Storm 840; Amersham Pharmacia Biotech).
A comparative RT-PCR was performed for genes that showed either a weak or no signal by virtual Northern analysis and for which full-length bovine cDNA sequences were available. Gene-specific primers were designed in the open reading frame of the cDNA sequence. SMART cDNAs were generated as described above, diluted 1/10, and 1 l was used in a 25-l PCR reaction using the Advantage 2 DNA polymerase. The number of PCR cycles were limited and optimized for each gene to be analyzed. Gene-specific PCR primers were as follows: cytochrome P450, family 11, subfamily A (CYP11A1; sense: GCCACATCGAGAACTTCCAGAAG; antisense: CTGGTGTGGAACATCTTGTAGACG; GenBank: NM 176644), follicle-stimulating hormone receptor (FSHR; sense: CGACTC TGTCACTGCTCTAACGG; antisense: CGTCAATTCCTTTGGCATAG GTGG; GenBank: L22319), follistatin (FST; sense: CTCTGCCAGTTCA TGGAGGACC; antisense: GGCCAATCCAATAGATCTGCCC; GenBank: L21716), isocitrate dehydrogenase 3 (NAD ϩ ) alpha (IDH3A; sense: GCAAATGTCCGACCATGTGTCTC; antisense: GAACCGACTCGAAG ATTGCAACTC; GenBank: U07980), luteinizing hormone/choriogonadotropin receptor (LHCGR; sense: CGACTATCACTCACCTATCTCCC; antisense: CAGGACTCTAAGGAAGTTGTAGCC; GenBank: U20504), stearoyl-coenzyme A desaturase (SCD; sense: CAAGAGGAGATCTCT AGCTCCTACAC; antisense: CTCCTCTGGAACATCACCAGCTTC; GenBank: NM 173959), and CYP191A and GAPD as described above. Twenty l of the PCR reactions were separated on a 2% TAE-agarose gel with ethidium bromide, PCR products were visualized by UV, and the images digitized. The digitized signals for each gene obtained either by virtual Northern or semiquantitative RT-PCR were analyzed by densitometry using ImageQuant software (Amersham Pharmacia Biotech).
Statistical Analysis
Gene-specific signals were normalized with corresponding GAPD signals for each sample. Homogeneity of variance between follicular groups and CL was verified by O'Brien and Brown-Forsythe tests. Corrected values of gene-specific mRNA levels were compared between follicular or CL groups by one-way ANOVA. When ANOVA indicated significant differences (P Ͻ 0.05), the Tukey-Kramer test was used for multiple comparisons of individual means. Data were presented as least-square means Ϯ SEM. Statistical analyses were performed using JMP software (SAS Institute, Inc., Carry, NC).
RESULTS
Identification of Differentially Expressed Genes Using SSH
A cDNA library containing transcripts expressed in DF and that are downregulated by hCG was constructed by subtracting OF cDNAs from DF cDNAs (DF-OF). Reverse subtraction was also performed as a control and consisted of DF cDNAs subtracted from OF cDNAs (OF-DF). Subtraction efficiency was evaluated by PCR analysis, which compared the abundance of two control cDNAs preceding and following subtraction. To monitor the enrichment of differentially expressed genes in the DF-OF subtracted sample, CYP19A1 cDNA was used as a positive control in the DF. Its PCR product was observed after 18 cycles in the DF unsubtracted sample but was undetectable in the OF sample (Fig. 1) . In the DF-OF subtracted sample, the PCRamplified CYP19A1 fragment was detected following 13 cycles, indicating that CYP19A1 cDNA was enriched after subtraction. PTGS2 mRNA was used as a positive control to monitor the enrichment of an hCG-induced gene in the OF-DF subtracted sample. In the OF sample, the PTGS2 PCR product was observed after 18 cycles but was undetectable in the DF sample (Fig. 1) . In the OF-DF subtracted sample, the PCR-amplified PTGS2 fragment was detected after 13 cycles, indicating enrichment of differentially expressed genes in the subtracted OF-DF sample when compared with unsubtracted OF sample.
Following verification of the subtraction efficiency, a subtracted cDNA library was constructed by ligating the DF-OF SSH cDNA products into a plasmid vector from which 940 bacterial colonies were randomly selected. Differential hybridization screening was performed by macroarray to compare and verify the differential expression pattern of the cDNA clones before characterizing them by sequencing. Subtracted (DF-OF, OF-DF) and unsubtracted (DF, OF) cDNA preparations were used as complex hybridization probes for differential screening of the 940 cDNA clones spotted on four identical sets of macroarrays. On each membrane, CYP19A1 and PTGS2 cDNAs were spotted as controls. Representative differential screening results are illustrated in Figure 2 . The cDNA clones were classified as differentially expressed if they mainly hybridized with the DF-OF subtracted and DF unsubtracted probes but not with the reverse subtracted probe (OF-DF) and only faintly or not at all with the OF unsubtracted probe, as determined by comparing signal intensities between the four identical macroarrays. The differential hybridization screening procedure yielded 594 clones with a detectable hybridization signal, from which 222 (23.6%) were true positives. These cDNA clones were amplified by PCR and their products visualized on agarose gel to discern clones that presented a single PCR band for further sequencing (data not shown). Thus, 204 cDNA clones were sequenced and compared against GenBank databases. The cDNAs were classified as follow: 131 matched with sequences of known biological function for a total of 23 nonredundant cDNAs, 57 matched with complete or partial sequences of undefined biological function for a total of 9 different cDNAs (Table 1) . Sixteen cDNA clones were rejected due to inadequate quality of the nucleotide sequences. It is noteworthy that low-density lipoprotein receptorrelated protein 8 (LRP8; also known as apolipoprotein E receptor 2: ApoER2) [12] , carboxypeptidase D (CPD) [12] , CYP19A1 [14] , CYP11A [15] , inhibin/activin ␤-A subunit (INHBA) [16] , and serine protease inhibitor E2 (SERPINE2) [11, 12] were identified in the present study. Identification of these genes, known to be downregulated in bovine GC following the preovulatory LH/hCG surge, further validated the in vivo experimental model and the subtraction procedure used herein. Other genes, such as gap junction protein alpha 1 (GJA1; also known as connexin 43: CX43) [17] , follicle-stimulating hormone receptor (FSHR) [18] , and fol- listatin (FST) [19] , are known to be expressed in GC, but to our knowledge, their levels of expression had not previously been shown to be downregulated in bovine GC by the preovulatory LH/hCG surge. Finally, we identified a further group of 14 cDNAs of known biological function and 9 other cDNAs and ESTs, never shown to be expressed in GC of any species.
Analysis of mRNA Expression
Genes identified by macroarray analysis as downregulated by hCG were further validated by virtual Northern analysis using mRNA samples derived from GC collected from independent follicles at different developmental stages and CL at Day 5. For these analyses, mRNAs were reverse transcribed into cDNAs, separated on agarose gel, and used to generate membranes that were then hybridized to cloned SSH cDNA fragments as described in Table 1 . Results for CYP19A1, INHBA, GJA1, ADP-ribosylation factor GTPase activating protein 3 (ARFGAP3), proteoglycan 1 (PRG1), replication protein A2 (RPA2), protein regulator of cytokinesis 1 (PRC1), and tribbles homolog 2 (TRIB2) mRNA expression are shown in Figure 3 . The CYP19A1 and INHBA, known to be downregulated by LH/hCG, served as controls to validate the virtual Northern analyses. CYP19A1 mRNA was mainly expressed in the DF with a 7.5-fold higher expression level compared with SF. Treatment with hCG decreased CYP19A1 expression to background level in OF when compared with DF, and expression was undetectable in CL (Fig. 3A) . The INHBA mRNA also increased, by 4-fold, from the SF to DF groups, whereas hCG downregulated its expression to background level in OF and in CL (Fig. 3A) . Expression of GJA1 mRNA increased by 2.4-fold from the SF to DF groups. It was reduced by 16-fold in hCG-stimulated OF compared with DF and expression remained at a similar level in CL compared with OF (Fig. 3B) . The expression level of ARFGAP3 mRNA was highest in DF compared with other samples and was reduced by 3-fold in OF (Fig. 3C) . The PRG1 mRNA was expressed at highest level in SF, decreased in DF, and was significantly reduced, by 8-fold, in OF compared with DF, whereas the expression level remained low in CL (Fig. 3D) . The RPA2 mRNA expression was 4-fold higher in DF compared with SF, and following treatment with hCG, expression was downregulated by at least 11-fold and reached background level in OF and CL. Transcripts of 5 kb and 2.1 kb were observed and their patterns of expression were identical between groups (Fig. 3E) . The expression of PRC1 mRNA was highest in DF, showing an increase of 1.8-fold from SF to DF and a reduction of 4.9-fold from DF to OF (Fig. 3F) . The TRIB2 mRNA was mainly detected in SF and DF; in hCG-stimulated OF, the expression level was downregulated by at least 24-fold and remained at background level in CL (Fig. 3F) .
Expression of FSHR and FST mRNA were compared by RT-PCR because they presented weak signals by virtual Northern analysis (data not shown). Analysis of CYP19A1 was performed as a positive control for higher expression in the DF compared with the hGC-stimulated OF. Comparative RT-PCR analysis for CYP19A1 expression between groups mirrored results obtained by virtual Northern analysis (Fig. 3A) , where hCG downregulated CYP19A1 mRNA in OF compare with DF (Fig. 4A) . FSHR mRNA levels showed no significant difference in DF compared with SF but were reduced 6-fold following hCG treatment in OF and were undetectable in CL (Fig. 4A) . Additionally, we compared the expression of the LHCGR mRNA because it has been shown to be downregulated by LH/hCG at the time of ovulation in the rat [20] and was not identified in the DF-OF subtracted cDNA library index (Table 1) . We observed that the LHCGR mRNA was induced 16-fold in DF compared with SF, was downregulated 10-fold in hCGstimulated OF, and thereafter expression increased in the BT cDNA ovarian follicle * GenBank accession number of differentially expressed bovine SSH cDNA clones. † Freq: Frequency of cDNA clone identification from macroarray analyses of DF-OF subtracted library. ‡ Accession number of the best match found following nucleotide sequence comparison via BLAST search in GenBank (NR or EST). § Identity (%) represents homology estimates of bovine SSH cDNA fragments with nucleotide sequences in GenBank databank via BLAST search. BT, Bos taurus; EST, expressed sequence tag; HS, Homo sapiens; OA, Ovis aries; SS, Sus scrofa.
developing CL. Oligonucleotides used in RT-PCR analyses for the LHCGR encompassed exons 2-11 and resulted in amplification of two cDNA fragments. These LHCGR transcripts showed a similar pattern of expression between groups (Fig. 4A ) and were further characterized by cloning and sequencing. The higher molecular weight PCR product was identical to the characterized full-length bovine LHCGR (GenBank: U20504), whereas the lower molecular weight PCR product corresponded to an LHCGR transcript that lacked exon 10. The latter nucleotide sequence was deposited in GenBank (AY651759). FST mRNA expression showed no significant difference between DF and SF groups but was reduced 1.7-fold in hCG-treated OF and was undetectable in CL (Fig. 4A) . Comparison of CYP11A1 mRNA levels showed a 2.7-fold increase from SF to DF, a reduction by 4.9-fold following hCG treatment in OF compared with DF, and then a 5.7-fold increase from OF to CL (Fig. 4B) . Levels of IDH3A mRNA increased 2.3-fold from SF to DF and decreased 2.8-fold from DF to OF (Fig. 4B) . Expression of SCD mRNA increased 3.4-fold from SF to DF and then decreased 5.6-fold in OF and remained at that level of expression in CL (Fig. 4B) .
DISCUSSION
The preovulatory LH surge induces several changes in different compartments of the ovarian follicle as it triggers ovulation, maturation of the cumulus oocyte complex, and luteinization. Molecular mechanisms abrogating the development of the DF and ensuring its transition into an OF are not completely understood. To elucidate the molecular basis involved in the transition of a DF into an OF, we performed an SSH screen designed to identify genes that are downregulated in GC of DF during hCG-induced ovulation. Comparisons of CYP19A1 and PTGS2 mRNA levels as control genes in the DF and OF groups validated the physiological model as well as the SSH and differential screening procedures. The CYP11A1 enzyme controls the first and limiting step of steroid biosynthesis, converting cholesterol to pregnenolone, and is under hormonal control through the cAMP signaling pathway [21] . A decrease of CYP11A1 mRNA in GC was observed following hCG treatment, which confirms previous results reported following the preovulatory LH surge in cattle [15] . IDH3A is part of a heterotetrameric enzyme complex believed to be a key FIG. 3 . Analysis of mRNA expression by virtual Northern blot. Total RNA was extracted from bovine GC collected from 2 to 4 mm follicles (SF), dominant follicles (DF) at Day 5 of the estrous cycle, ovulatory follicles (OF) collected 23 h after injection of hCG, and corpora lutea (CL) from Day 5 of the estrous cycle, then used in mRNA expression analyses using the virtual Northern technique as described under Materials and Methods. GAPD was used as a control gene and showed no significant difference between groups. Gene-specific signals were normalized with corresponding GAPD signals (1.8 kb) for each sample, and relative values are reported as percent of expression detected in DF. A) Expression of CYP19A1 (5.2 kb) and INHBA (1.9 kb) mRNAs were higher in DF and were downregulated by hCG in OF (P Ͻ 0.0001); (B) expression of GJA1 mRNA (3.7 kb) was 16-fold lower in OF than in DF (P Ͻ 0.0001); (C) expression of ARFGAP3 mRNA (3.5 kb) was reduced 3-fold in OF compared with DF (P Ͻ 0.0001); (D) expression of PRG1 mRNA (1.4 kb) was reduced 8-fold in OF compared with DF (P Ͻ 0.0001); (E) transcripts of RPA2 mRNA detected at 5 and 2.1 kb were both downregulated by hCG in OF compared with DF (P Ͻ 0.0001); (F) transcript of PRC1 mRNA at 3.5 kb was reduced 4.9-fold in OF compared with DF (P Ͻ 0.0001); expression of TRIB2 mRNA at 3.6 kb was downregulated in OF compared with DF (P Ͻ 0.0001). Probability values for each one-way ANOVA analysis are specified above in parentheses. Different letters denote samples that differed significantly (P Ͻ 0.05) when Tukey-Kramer multiple comparison tests were performed. Data are presented as least-square means Ϯ SEM, and the number of independent samples per group is indicated in parentheses.
regulatory point in the tricarboxylic acid cycle. It serves as a source for nonmitochondrial NADPH required in multiple metabolic pathways such as cholesterol and fatty acid synthesis [22] as well as defense against oxidative damage [23] . In the immature rat ovary, in which follicular development was promoted by gonadotropin treatment, expression of IDH3A was increased at the mRNA and protein levels [22] , correlating with the highest expression of IDH3A mRNA detected in GC of bovine DF. Higher levels of IDH3A expression may correlate with the high metabolic requirements and defense against oxidative stress typical of an actively growing DF. We have recently reported that the expression of LRP8/ApoER2, CPD, and SERPINE2 mRNAs are upregulated in GC of DF but downregulated by hCG in OF and have discussed their potential actions associated with follicular development [11, 12] .
Novel candidate genes associated with follicular growth and dominance, such as ARFGAP3, PRC1, PRG1, RPA2, FIG. 4 . Analysis of mRNA expression by RT-PCR. Total RNA was extracted from bovine GC collected from 2-to 4-mm follicles (SF), dominant follicles (DF) at Day 5 of the estrous cycle, ovulatory follicles (OF) 23 h after injection of hCG (OF), and corpora lutea (CL) from Day 5 of the estrous cycle, then used in mRNA expression analyses using RT-PCR as described under Materials and Methods. GAPD was used as a control gene and showed no significant differences between groups. Gene-specific signals were normalized with corresponding GAPD signals for each sample. A) The analysis of CYP19A1 mRNA was performed as a positive control and was downregulated in OF compared with DF (P Ͻ 0.0001); expression of the FSHR was reduced 6-fold in OF compared with DF (P Ͻ 0.0001); LHCGR was induced 16-fold in DF compared with SF, downregulated 10-fold in OF (P Ͻ 0.0001); the higher molecular weight band corresponds to the full-length LHCGR mRNA (GenBank: U20504) and the lower molecular weight form to the LHCGR lacking exon 10 (Genbank: AY651759); FST mRNA was reduced by 1.7-fold in OF compared with DF (P Ͻ 0.006); (B) expression of CYP11A1 was 2.7 fold higher in DF than in SF, 4.9-fold lower in OF than in DF, and mRNA levels increased 5.7-fold in CL compared with OF (P Ͻ 0.0001); IDH3A mRNA was 2.3-fold higher in DF than in SF and was reduced 2.8-fold in OF compared with DF (P Ͻ 0.0004); SCD mRNA was 3.4-fold higher in DF than in SF, and its expression decreased 5.6-fold in OF and CL compared with DF (P Ͻ 0.0001). Probability values for each oneway ANOVA analysis are specified above in parentheses. Different letters denote samples that differed significantly (P Ͻ 0.05) when Tukey-Kramer multiple comparison tests were performed to compare group means for a specific gene. Data are presented as least-square means Ϯ SEM, and the number of independent samples per group is indicated in parentheses.
SCD, and TRIB2, were identified in the DF-OF subtracted library. For instance, PRG1, also known as serglycin, is a member of the small proteoglycan family characterized by repeat sequences of serine and glycine amino acids on which the serine residues serve as attachment sites for glycosaminoglycans (GAG). The type and length of GAG attached to the protein core may differ between cell types [24, 25] . Many biological roles are attributed to proteoglycans in the control of growth and differentiation: cell attachment and migration, binding and regulation of growth factors, binding to proteolytic enzymes and protease inhibitors [24, 25] . It is known that proteoglycans are produced by GC, stimulated by FSH, and secreted in follicular fluid [26, 27] . Bovine follicular fluid collected from small antral follicles contains proteoglycan forms that differ from that of large antral follicles, although the identity of protein cores was not determined [28, 29] . In agreement with these observations, we showed that PRG1 mRNA is expressed at higher levels in SF compared with DF, and its expression is drastically diminished following hCG injection. Moreover, mRNA for chondroitin sulfate proteoglycan-2 (CSPG2), also known as versican, was expressed at higher levels in GC of DF compared with SF [12] . Thus, mRNA expression coding for two protein cores of proteoglycans in GC, PRG1, and CSPG2 was shown to vary in relation to follicular growth and ovulation. These results are in concordance with the variable nature of GAG purified from follicular fluid in relation to follicular development [28, 29] .
TRIB2 was found to be expressed in GC of SF and DF but downregulated by hCG in OF. In humans, TRIB1, 2, and 3 represent novel atypical members of the serine/threonine protein kinase superfamily [30, 31] and are homologs of Drosophila tribbles [32] [33] [34] . In mammals, the three TRIB proteins share a central TRIB domain that lacks key residues required for kinase activity [30] [31] [32] . TRIBs were shown to bind and inhibit members of the mitogen-activated kinase kinase (MAPKK) family, the serine-threonine kinase AKT1 (also called protein kinase B), thereby controlling MAPKs signaling pathways [31, 35, 36] . TRIB mRNAs are rapidly induced by mitogens, have short half-lives, and were shown to be expressed differentially in the tissues analyzed [30, 31, 37] . TRIB2 mRNA expression in canine thyroid cells was upregulated by TSH [37] . In Drosophila, tribbles controls string/CDC25 phosphatase that is required for the progression of G2 cell cycle stage into mitosis. Thus, tribbles plays a key role in coordinating mitosis and morphogenesis. For instance, modification of tribbles expression in Drosophila alters fertility [32] [33] [34] . These studies suggested that Tribbles may act as a proliferation brake by controlling string/CDC25 phosphatase activity. Although the known biological function of TRIB2 is still limited, cumulatively, these observations suggest that TRIB would modulate MAPK signaling pathways in response to incoming extracellular signals that include hormones and growth factors. We hypothesize that TRIB2 could act as a modulator of GC proliferation in growing antral follicles.
Expression of bovine SCD mRNA was found at the highest level in GC of DF and downregulated by hCG in OF. SCD encodes for a membrane-bound enzyme representing an important metabolic control point in the cellular synthesis of monounsaturated fatty acids, mainly oleate and palmitoleate. These are the major monounsaturated fatty acids incorporated into membrane phospholipids, triglyc-erides, and cholesterol esters, and modification of their concentration has been implicated in a variety of diseases [38, 39] . Expression of SCD is hormonally modulated, being downregulated by leptin in liver and adipose tissues [40] or upregulated by FSH and cAMP in Sertoli cells [41] . The chief expression of SCD in GC of DF could be related to a higher demand of monounsaturated fatty acids required for the maintenance of membrane fluidity [42] or as substrate in signal-transduction mechanisms [38, 39] needed during the rapid phase of follicle growth associated with follicular dominance. ARFGAP3 mRNA expression was reduced in GC of hCG-stimulated OF compared with DF. ARFGAP3 is a recently characterized member of the ADPribosylation factor (ARF) family of small GTPases [43, 44] that cycles between a GDP-bound, inactive and a GTPbound, active form [45, 46] . In general, ARFGAP proteins are involved in intracellular trafficking of proteins through vesicular transport and signal transduction events. However, ARFGAP3's biological function has not yet been defined. AFRGAP3 expression was analyzed by mRNA dot-blotting of human tissues, which revealed high expression in endocrine tissues, such as the testis. Expression of AFRGAP3 in total human ovarian extract has also been detected, but the physiological status of the ovary was not mentioned [44] . Based on the limited information available on the biological function of ARFGAP3, higher expression of ARF-GAP3 in GC of DF could be interpreted as an increase in membrane trafficking and/or signaling activities in growing DF.
The replication protein A (RPA) is a heterotrimeric protein, consisting of 70 kDa (RPA1), 30 kDa (RPA2), and 14 kDa (RPA3) subunits, that is required for DNA replication, recombination, and repair [47] . RPA has also been implicated in the regulation of apoptosis and transcription [48] . RPA is phosphorylated in a cell cycle-dependent manner, beginning at the G1/S transition and extending until late mitosis, and in response to DNA damage. RPA binds single-stranded DNA and specifically interacts with multiple proteins involved in DNA metabolism. Transcripts of 2.1 and 5 kb were observed for bovine RPA2. The 2.1 kb transcript corresponds to the 1.7-kb human cDNA (GenBank: BC021257) while the 5 kb isoform may represent an unspliced higher molecular weight form. However, mRNA expression studies by Northern analysis have not been reported in other species at this time. PRC1 is a microtubule bundling protein that acts as a checkpoint in the formation of the central spindle bundle in anaphase, which contributes to the abscission event that creates two daughter cells [49] . PRC1 is phosphorylated by cyclin-dependent kinase (mainly CDC2/CCNB1), which, during mitosis, prevents interaction with other proteins, insuring that cell division is not initiated until chromosomes are separated [50] . The biological functions of RPA2 and PRC1 in cell division and survival are in concordance with a higher expression of theses genes in GC of an actively growing DF.
GJA1 is a member of the gap junction subunits named connexins. Among gap junction proteins identified in GC, GJA1 is important for normal follicular development because folliculogenesis in GJA1-deficient mice stops at the primary follicular stage [51, 52] . In the bovine species, follicular localization of GJA1 was restricted to GC at all follicular stages, was increased in the course of follicular growth, and decreased in atretic follicles [17, 53] . These observations corroborate the increase in GJA1 mRNA expression detected herein in DF compared with SF. Expression and phosphorylation of GJA1 is hormonally regulated by FSH [54] [55] [56] . However, the development of the DF is concomitant to a decrease in circulating FSH concentration in cattle [5, 6] . In the rat ovary, increases in GJA1 mRNA and protein were observed following E2 treatments [57] . Collectively, these results suggest that an increase in E2 production by the DF could stimulate an increase in GJA1 expression, which insures metabolic coupling between GC of a growing DF to prevent atresia. Conversely, the LH/ hCG surge would abrogate GC coupling contributing to ovulation and luteinization.
Spatiotemporal expression studies showed higher mRNA level for INHBA in estrogen active follicles [12, 58, 59] and increases in activin-A protein secreted in follicular fluid [60] . Activin promotes GC proliferation and steroidogenesis and potentiates FSH actions on GC by increasing FSHR expression [61, 62] , which underscores a key role for activin-A in DF development. Inhibin and FST, also produced by GC, control at the extracellular level the stimulatory actions of activin on follicle growth and steroidogenesis [63, 64] . No difference in FST mRNA expression was found in DF compared with SF, which is consistent with no difference in FST protein concentration measured in follicular fluid [65] . FST is known to bind activin with high affinity, preventing activin action on GC [66] . Transgenic mice overexpressing [67] or deficient in FST [68] presented a decrease in follicular development. Collectively, these observations support a pivotal role for activin in GC proliferation and differentiation whereas FST would act as a modulator of activin action. At the time of ovulation, FST mRNA expression decreased in hCG-stimulated OF and was not detected in CL, which corroborates observations in the rat [69] . Persistence of FST expression in OF in the absence of INHBA mRNA expression would contribute to neutralizing extracellular activin at the time of ovulation.
Expression of the FSHR in GC of SF (2-4 mm) mediates the induction of follicular recruitment following the increase in circulating concentration of FSH [2, 4] , which occurs two or three times during the bovine estrous cycle [5, 6] . A similar level of FSHR mRNA in the SF and DF is in accordance with the concept that the FSHR may contribute to but is not responsible for the establishment and/ or the maintenance of the DF when circulating FSH concentration declines [5, 6, 70] . Decreased FSHR mRNA in GC following the gonadotropin preovulatory surge concurs with the initiation of GC luteinization and its downregulation observed in cultured bovine GC when FSH concentration is increased [18] . LHCGR cDNA was not identified in the DF-OF subtracted library; the exact explanation is unknown but could be related to its low level of expression in GC, to the limited number of cDNA clones analyzed, to the detection limits of the differential screening procedure of the subtracted library, or to the presence of isoforms that modify hybridization kinetics during SSH. Full-length LHCGR expression in GC was thus compared by RT-PCR, allowing characterization of a truncated LHCGR isoform that lacks exon 10. The latter was identified in the bovine CL and referred to the LHCGR isoform F [71] . In vitro expression studies have shown that human LHCGR lacking exon 10 is able to bind LH but the production of cAMP is impaired when stimulated by LH [72] . Collectively, these findings suggest that the biological function of the LHCGR lacking exon 10 could modulate LH signaling in GC of DF and CL according to variations in circulating concentrations of LH due to its pulsatile nature. LHCGR mRNAs were not detected in GC of SF but were observed in DF. Thus, expression of LHCGR in GC of DF contributes to the devel-opment and maintenance of the DF, ensuring its survival via circulating LH when FSH is reduced [73, 74] . Analysis confirmed that LHCGR mRNA was reduced in hCG-stimulated OF, in agreement with observations in other species during the periovulatory period [8, 20] . Other cDNAs that correspond to uncharacterized cDNAs/BAC clones or EST sequences were also identified. The cloning of their fulllength cDNA and spatiotemporal expression analysis in follicles are currently underway.
